Abstract-We completed the third in a series of experiments using commercially available, piezoresistive microelectromechanical system (MEMS) transducers to instrument articles exposed to the intense, pulsed neutron and gamma ray radiation environment of Sandia National Laboratories' Annular Core Research Reactor. Based on analyzing the survival of pressure transducers and accelerometers in the first two experiments, we identified candidate piezoresistive, MEMS transducers and then tested them by exposure to pulses, each with 10 15 neutrons/cm 2 and 10 4 Gy (1 Mrad) of gamma radiation. Simultaneous measurement of temperature indicates that the pressure transducers retain their calibrations and may provide a means of quickly identifying temperature-induced offset shifts of accelerometer calibrations. Comparison to other sensors that do not survive in this environment and implications for using these transducers to instrument test articles are also presented.
INTRODUCTION
The purpose of this study was to assess the usefulness of commercial piezoresistive sensors suitable for system shock testing when the testing takes place in the core of a pulsed reactor. Conducting a systems test in a high-energy pulsed reactor can pose several instrumentation problems. Transducers intended for measuring properties such as temperature, pressure, and acceleration can be damaged by exposure to the radiation, or they may be affected by the radiation such that measurement error is introduced. When selecting transducers such factors must be considered together with requirements related to preventing the sensor presence from perturbing the system under study.
Small, lightweight pressure and acceleration transducers based on piezoresistive properties of silicon or piezoelectric properties of certain oxides are in wide use.
Our interest in radiation damage to piezoresistive transducers was motivated by an attempt to use piezoresistive, microelectromechanical systems (MEMS) pressure transducers in experiments at the Annular Core Research Reactor (ACRR) at Sandia National Laboratories in December 2000. In the course of conducting those experiments, the pressure transducers (Kulite Semiconductor XTE-190-25A and XCE-062-25A) would not operate after the test assembly was removed from a storage area where it had been exposed to between 100 and 10 3 Gy (10 4 -10 5 rad) of gamma radiation.
We next conducted an instrument test in September 2001 in which a suite of sensors was placed in the Fuel-Ringed, External Cavity (FREC) II of the ACRR and exposed to two intense pulses of neutron and gamma radiation. This experiment produced mixed results with one piezoresistive pressure transducer returning to stable operation following the pulse and another failing to do so (Fig. 1) . A similar result was obtained with Endevco piezoresistive accelerometers ( Fig. 2 ) in that one accelerometer did not return to a zero reading following the reactor pulse.
Together, these experiences suggest that to select sensors for use in a pulsed radiation environment, one needs to understand subtleties of how neutron and gamma radiation affect these devices. To clarify these mixed results, we conducted another test of a suite of transducers in May 2002. All of the piezoresistive MEMS devices tested this time survived exposure to five 87 MJ pulses of the ACRR, each providing irradiation in the central cavity of about 10 15 neutrons/cm 2 plus 10 kGy (1 Mrad) from gamma rays. These sensors were selected for test, because similar ones seemed to show promise from the mixed results of the earlier tests. We also tested a piezoelectric accelerometer that failed, probably because of damage to an onboard amplification circuit.
II. BACKGROUND
In 1954 Smith reported on the piezoresistance effect in germanium and silicon. [1] The first piezoresistive silicon accelerometer was reported by Roylance and Angell in 1979. [2] MEMS accelerometers using the piezoresistive This project was funded by the Department of Energy. detection principle are mainly used in automotive applications, but have also been used in space. [3] Limited literature exists on radiation effects in micromechanical or piezoresistive accelerometers. A few researchers have reported on radiation effects in capacitance type MEMS accelerometers exposed to electrons, protons, heavy ions, and gamma rays. [4, 5, 6 ] Langdon et al. described combined neutron and gamma irradiation testing of two piezoresistive accelerometers. [7] In that study, a sensor utilizing bonded semiconductor (proprietary material) strain gages as the transducer element operated satisfactorily in a fluence of at least 5x10 5 epithermal neutrons/cm 2 in a TRIGA reactor at a steady-state power of 500 kW. In 1976, Bierney discussed the design of piezoelectric accelerometers for operation in severe radiation environments. [ Piezoresistive transducers often consist of four resistors arranged in a Wheatstone bridge circuit. The variation of resistivity with strain is then exploited to obtain an output signal proportional to an input force. In a pressure transducer, the resistors are often incorporated into a diaphragm, and in an accelerometer, the resistors are incorporated into the supports for a mass. In the pressure and acceleration transducers tested in this work, all four arms of the bridge resided on the sensing element. An alternative, common design is to include two of the resistors on the sensing element in a "half bridge" arrangement with the other two reference resistors being supplied in an external portion of the circuit. Another variation incorporates additional resistors on the sensing element to compensate for the temperature dependence of the sensing material's resistivity. Temperature compensation is important in pulsed reactor experiments, because the test article temperature immediately after a reactor pulse can be significantly higher than just before the pulse.
There are several ways radiation could affect piezoresistive MEMS transducers. Neutrons and gamma rays can alter the structure of the sensing element through displacement damage or ionization, both of which could affect the resistance of the thin layers of Si embedded within them. Through elastic or inelastic scattering or radiative capture, neutrons can cause displacement damage or can alter doping through transmutation of Si or dopant nuclei. Gamma rays cause ionization damage mainly through the photoelectric effect or Compton scattering in which electronic bonds of the material are altered. These damage mechanisms can affect carrier mobility by degrading lattice structure and carrier concentration. Making a MEMS radiation hard often involves trading off the sensitivity advantages of using highly refined, lightly doped crystals against the robustness of a more disordered material like polycrystalline Si or semiconducting oxides. Table I were tested in the May 2002 experiment. Five sensors were MEMS type devices and the other three were temperature sensors. Of the five MEMS type devices, one was a piezoresistive pressure transducer, two were piezoresistive accelerometers, and two were piezoelectric accelerometers. The temperature sensors consisted of one thermistor and two thermocouples. The piezoresistive accelerometers (Endevco 7264B-500T, shown in Fig. 3 ) are similar to the accelerometer (Endevco 7264C-2000) that performed well in the September 2001 test. In each device, the sensing element comprises a Wheatstone bridge with two active arms and two reference arms, and the packaging material is primarily aluminum. In addition, neither has temperature compensation circuitry built into the device. Suminto has detailed the design, fabrication, packaging, and performance of the Endevco 7264B. [10] In contrast, the accelerometer which failed (Endevco 7270-2000) in the September 2001 test has a sensing element in which all four arms of the bridge circuit are active, and the packaging is stainless steel. Table II compares the major differences of these two accelerometers and summarizes their performance during the September 2001 test.
III. DESCRIPTION OF EXPERIMENT Eight sensors, as summarized in
The piezoelectric accelerometers (Endevco 2255B-1) incorporate an amplifier within the package. Although this amplifier is vulnerable to radiation damage, we included these devices to assess their usefulness for our particular application. Piezoelectric sensors provide higher frequency response; however, they are not capable of static response like piezoresistive sensors. (Fig. 1 ). These models differ in two significant ways. Packaging for the former is much more massive and this package contains within it a resistor network for temperature compensation. The latter also provides temperature compensation, but the circuitry is housed in a separate package, approximately 50 cm up the cable. Even so, the temperature compensation circuitry was mounted inside the container and received the full radiation exposure The temperature of the air inside the container was measured using thermocouples. The reference junction was the electrical feedthrough where a thermistor provided the reference temperature. Two thermocouples were used, one type E (chromel -constantan) and one type K (alumelconstantan). They were included for three reasons. The first reason was to assess how radiation induced heating of the thermocouple wires affected temperature measurement immediately following a reactor pulse. The second was to provide a measurement of air temperature inside the container in the seconds just before a reactor pulse. The third was to investigate using temperature data to correct offsets in the calibrations of the other transducers shortly after a reactor pulse.
The test chamber was a 20.32 cm O.D. by 18.42 cm cylindrical aluminum container. The chamber was sealed at ambient air pressure (~80 kPa). The sensors were mounted on a rectangular aluminum plate inside the container attached at one edge to the container lid, which also contained an electrical feedthrough. The plate with the sensors was only supported by the one edge. Also on the plate was a small 24 VDC, 0.33 A solenoid with a spring-loaded piston. Energizing or de-energizing the solenoid produced a single impulse to the plate. Solenoid operation consisted of energizing the device, and then waiting about a second, followed by de-energizing the solenoid. This arrangement allowed for non-zero stimulation of the accelerometers, but the arrangement was subject to variability and the results should be viewed as qualitative in nature. Data acquisition consisted of transient recorders triggered to begin collecting data approximately eight seconds prior to a reactor shot. All signals passed through 100 Hz low pass filters before being digitized at 1000 samples per second and then saved to a computer. The test was conducted on May 3, 2002 at the Annular Core Research Reactor (ACRR) at Sandia National Laboratories. [11] The container with the transducers was placed in the central cavity where the radiation is most intense. The test consisted of five reactor pulses delivered with approximately one-half hour wait between shots. It is important to note that although most of the energy is released during the first 100 ms, the reactor continues to operate at significant power for two seconds following the high intensity pulse (Fig. 5) . Each pulse involved an energy release of approximately 87 MJ with a peak reactor power of 1200 MW. The pulse widths were 30 ms FWHM. 
IV. MEASUREMENT RESULTS

A. Acceleration
A piezoresistive accelerometer output is shown in Fig. 6 for the first reactor pulse. The most prominent feature is the sharp negative peak coincident with the reactor pulse. This peak is followed by a two-second interval during which the accelerometer output increases slowly until there is a sudden burst of rapid oscillations. These oscillations are likely the result of reactor control rod drive operation to shut down the reactor. Solenoid operation is reflected in intermittent peaks in the data of this figure. The peaks associated with energizing the solenoid are smaller than those associated with de-energizing it, a result consistent with the arrangement of the piston and spring. Prior to firing the reactor, there are two open -close cycles and following the shot there are three such cycles. Although Fig. 6 only shows data from the first of five reactor pulses, the data for the four other runs are similar and indicate satisfactory piezoresistive sensor operation. The two piezoelectric accelerometers failed, most likely because of damage to the internal amplifiers (Fig. 7) . Their output saturated in response to the first reactor pulse and then returned to zero with a time constant of many seconds. This pattern repeated with subsequent shots, but the amplitude of the response became greatly diminished. 
B. Pressure
This test included a single piezoresistive pressure transducer, the Kulite XTE-190-25A. The particular transducer had already been subjected to two pulses of the ACRR during the September 2001 test. Fig. 1 is taken from that test and shows this sensor returning to stable operation after the pulse while a similar Kulite XCE-062-25A did not recover as well; hence motivating the May 2002 test. Fig. 8 is the pressure transducer data from the first shot of the May 2002 experiment. Like the accelerometer data, the most notable feature is the sharp peak coincident with the reactor pulse. This peak is most likely an artifact of electrical interference with and radiation sensitivity of the sensor. A pressure transient of such a short duration would have to be acoustic which would imply an average deviation of zero about a stable mean. Also, in the September 2001 test, the other pressure sensor produced a peak of opposite polarity, which would be consistent with the peak being a measurement error rather than a true pressure measurement.
Heating of the air in the sealed container certainly increased the pressure and this behavior is evident in the data. For the two seconds of reactor operation following the initial peak, the pressure increases and then, after the reactor has been shut down, the pressure gradually decreases over a period of many seconds. The responses of the sensors for shots 2 through 5 are similar to those shown in Fig. 8 for the first shot, except that the baseline readings for temperature and pressure increase from run to run as expected since the container was sealed throughout the test and each pulse heated the apparatus.
C. Temperature
The temperature measurements are shown in Fig. 9 . The thermistor measurement was used as the reference for the two thermocouples. The different results for the two thermocouples are probably due to heating of the thermocouple wires. The two sensors typically differed by less than 3 ºC just before a shot. Because the thermocouples were mounted to sample the air temperature inside the sealed test container, comparing the measured temperature to the measured pressure just prior to a shot provides an indication of how well the calibrations of these instruments survived the radiation from each preceding pulse. For an ideal gas at thermal equilibrium, the ratio of the absolute pressure to the absolute temperature is constant. The half-hour wait between shots provided the time necessary for the thermocouples to come into thermal equilibrium with the air in the container. Fig. 10 shows how the ratio of absolute pressure to absolute temperature measured just before each shot differed from the ratio for the first shot. Changes in this ratio result from nonideal behavior of the gas in the container and from inaccuracies in the measurements. For this test, these deviations are approximately one percent. In fact, considering the separation in the data for the two thermocouples, it is reasonable to conclude that at the one percent level, the error is primarily due to temperature measurement.
V. CONCLUSIONS Mechanical shock testing in a pulsed radiation environment imposes many requirements on sensors used to instrument the test article.
Piezoresistive and piezoelectric MEMS transducers with masses on the order of a few grams or less and providing excellent sensitivity and linearity are commercially available. We have demonstrated during a test in May 2002 that two such devices, the Endevco 7264B-500T accelerometer and the Kulite XTE-190-25A pressure transducer survived repeated exposure to the radiation associated with tests conducted in the ACRR.
Problems with other transducers during tests at the ACRR in December 2000 and September 2001 support the importance of understanding how radiation affects sensors. Furthermore, problems with pressure transducers following much more modest gamma irradiation during storage for the December 2000 test indicate that the type of radiation (neutron vs. gamma ray) and the dose rate also matter. To investigate these issues we are now exposing four piezoresistive sensors to a pure gamma ray source. The ongoing tests have shown that the pair of Kulite XTE-190-25A pressure transducers experienced a catastrophic failure at a dose of 70 to 250 kGy (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . In contrast, the pair of Endevco 7264B-500T accelerometers have shown a slow drift in their zero-g output voltage with the same total dose.
Additional post-test analysis of the data and sensors is ongoing. Once the effect of radiation on sensor performance has been more fully characterized, efforts will be directed toward elucidating the specific damage mechanisms.
